ABSTRACT
o Feasibility of the campus-wide PV system in UNH was evaluated based on the 10 performance data from Celentano Hall.
11
o Theoretical estimation of solar energy production was calculated to compare with 12 the actual PV performance data.
13
o Results could promote interests and investments in renewable energy research and 14 sustainability projects. 15 o A 67 kW PV system in New England is expected to generate a cumulative cash 16 flow of $ 360,000 over its 25 years lifetime.
Introduction 1
In 2014, the U.S. generated about 4,093 billion kWh of electricity, of which 2 approximately 67% were derived from fossil fuels, namely coal, natural gas, and petroleum. The 3 share of renewable energy sources in the electricity grid were minimal, with electricity from 4 wind contributing 4.4%, and solar 0.4% [1] . The problems are exacerbated not only due to 5 consumption of non-renewable fuel sources for electricity generation, but when these facts are 6 evaluated in light of the 2015 United Nations Climate Change Conference, also known as the 7 2015 Paris Agreement to Combat Climate Change, in which participating countries have agreed 8 to work towards keeping global temperature rise below 2°C compared to pre-industrial levels [2] .
9
The Paris Agreement acknowledges that meeting this goal will require all countries to 10 take steps to curb their greenhouse gas emissions as soon as possible. Even before signing of the 11 international Agreement, the U.S. had committed to reduce its greenhouse gas emissions by 26-
12
28% from the 2005 levels by the year 2025 [3] [4] . Considering that the electricity sector was the 13 largest source of U.S. greenhouse gas emissions in 2013 and was responsible for 31% of the total 14 amount of 6,673 million metric tons of CO2, it is evident that policies and agreements that aim to 15 curb greenhouse gas emissions would not succeed by disregarding the electricity sector [5] .
16
Switching to renewable forms of energy has important economic and social benefits in 17 addition to direct environmental benefits in the form of less pollution derived from energy 18 generation. Creation of new green jobs, developing a more resilient energy infrastructure, and 19 enabling a more competitive energy market would benefit the society overall while opening new 20 markets and sectors for growth [6] . 21 A necessity for solar PV technology to gain a foothold and provide a noticeable portion 22 of grid electricity in the U.S. is that cost of electricity from solar PV must be economically 23 competitive with other, more conventional forms of electricity generation [7] . This requirement 24 by itself may not be too difficult as historical trends indicate a rapidly declining cost for solar PV 25 technologies and an exponentially increasing installed capacity, as presented in Figure 1 . 
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Installed PV Capacity
Reported Residential System Price Solar PV applications in the U.S. were not distributed uniformly. In 2015, almost 40% of 1 distributed PV capacity was located in California, and the next 9 top states had a share of 44%. higher education [19] [20] . As was discussed previously, an effective policy aiming to curb 9 greenhouse gas emissions must take energy generation into account.
10
A 42 kW PV system and a 50 kW wind turbine system were installed to reduce energy 11 use from the electrical grid consumption at West Texas A&M University (WTAMU).
12
Alternative Energy Institute (AEI) [21] at WTAMU performed the installation of the PV and 13 wind turbine systems and conducted feasibility study. The AEI also developed the solar and 14 wind maps that show potential renewable energy places in Texas.
15
The goal of the study was to assess the economic feasibility of expanding solar PV and 29°C over the course of a year and seldom drops below -12°C or goes above 31°C.
36
Annually, 206 days equivalent to about 2,600 hours of sunshine are present, with a distribution 37 as shown in Figure 3 . Geographically, the campus is located in the northern hemisphere with a UNH is a medium-sized Master's level institution of higher education with over 6,000 [24] , three inverters were used in the system to improve efficiency.
6
The fixed panel array system of 228 PV modules were south facing with an inclination of 12 7 degrees. Considering 5% to 10% of the total energy generated is needed to operate the tracking 8 system, fixed panels were determined to be more economically feasible for the Celentano Hall 9 PV system [25] . Figure 4 was taken during system installation, where the inclination can be 10 observed. The installation of the fixed mount array with a system size of 67.27 kW was finished 11 in December 2014, and the PV system has started generating electricity in January 2015. Table 1 12 further presents the specifications of the installed PV system on Celentano Hall. While PV needs to be designed to avoid shading caused by parapets on the sides of the roof in order to 22 maximize unit efficiency, and also to leave gaps between front row modules and those behind it,
23
as the modules are at an incline rather than lie flat on the surface, and thus create the potential to 24 shade modules placed behind them. Furthermore, PV modules are typically set 4-6 feet from the 25 edges of a roof for safety reasons, as well as to provide accessibility during maintenance visits.
26
Also, the roof of an existing building, as was the case with Celentano Hall, already contained 27 obstacles such as AC units and water tanks that required the PV design to conform around those array system fitted based on project constraints is presented in Figure 5 . the jobs impact of solar PV applied at the state level in the U.S., or in other countries [38] [39] [40] [41] [42] [43] .
6
Rather than apply the tool at the state level however, an analysis was conducted as part of the 7 study for the PV system installed at Celentano Hall, as well as an additional analysis to assess the 8 economic impacts of expanding solar PV installations to the entire campus. The second strategy would be for the university to be the sole owner of the PV system.
20
While this strategy prevents campuses from paying higher electricity rates to a third-party 21 company through a power purchase agreement, as most colleges and universities in the U.S. are 22 non-profit institutions, they cannot take advantage of the 30% tax credit on installation costs, 23 hence affecting the feasibility of the system and reflecting on electricity rates generated 24 throughout the life of the system.
25
Regardless, UNH opted for the second option of owning the PV system as it was deemed 26 a better alternative as a long-term investment compared to buying back electricity at a higher rate 27 through a PPA. However, UNH was able to benefit from the Zero Emission Renewable Energy ZRECs award depends on the amount of electricity generated; therefore, the amount decreases 35 every year because of the degradation factor (0.50 %) of PV modules. ZRECs were awarded to 36 the installed Celentano Hall PV system. A PV system with capacity greater than 100 kW qualify 37 for reverse auctions, and systems with capacity less than 100 kW would earn benefits through a 38 lottery system. Being below the 100 kW cutoff level, UNH could still receive substantial 39 financial support for 15 years as long as the system continues to operate as designed. Celentano
40
Hall was awarded $0.148/kWh electricity generation by the PV system. 
Methods
43
The goal of the study was to assess the economic feasibility of expanding solar PV 
Estimated Electricity Generation
8
In order to conduct an economic analysis, an estimated energy production of the PV 9 system was deemed necessary. Quantitative equations were used to calculate estimated power Where; E is the annual estimated electricity production in kWh, A is the total solar panel area in 14 m 2 , r is solar panel efficiency, h is annual average solar radiation in kWh/m 2 , and pr is the system 15 performance ratio.
16
The power incident on a solar panel depends on the solar radiation and the angle between Average solar radiation data from two different data collecting centers was used in the Figure 6 , α, which is the angle between sunlight and the 31 horizontal plane can be calculated using equations (2) and (3). 
34
where; α is the elevation angle, φ is the latitude, and δ is the declination angle. Equation ( where; β is the tilt angle of the module measured from the horizontal.
7
Performance ratio is a measure of the overall efficiency of a PV system, and covers 8 efficiency losses related to interconnected parts and conversion inefficiencies, and is independent 9 of location, or the amount of sunlight received. It represents a ratio of actual energy generation to 10 energy that can theoretically be generated. Values input into the PVWATTS calculator were 11 presented in Table 3 . An overall derate factor of 0.75 was found for the Celentano PV system, 12 and was used in the study for estimating electricity generation by the installed system. 
Celentano Hall PV System Performance
18
Actual electricity generation data from the installed Celentano Hall PV system was 19 monitored during the project. Consecutive ten-month performance data was collected and 20 analyzed as part of this research. Table 6 presents monthly electricity generation from the start of 21 the array's operation together with monthly average temperatures. The peak electricity 22 generation occurred during summer while low electricity was generated during winter. 23 24 
Estimation of Annual Energy Production
25
In addition to collecting actual data as part of the study, estimation of electricity 26 generation was deemed necessary to forecast future performance of the array, which was then 27 used as an input into the economic model. The annual sun path is one of the most effective environmental factors included in solar As shown in Table 7 , approximately 82,800 kWh of electricity generation was estimated 6 from the installed Celentano Hall PV system. A comparison between actual and estimated 7 monthly electricity generation of the PV system was presented in Figure 8 . While not a perfect 8 fit, the two trends indicate that estimation calculations presented herein may be used to represent 9 the performance of the system in the long run, or at other locations that share similar geographic 10 and climatic conditions. The actual (measured) data in Figure 8 were collected from January 16, 2015 to April 15, 7 2016. In the figure, the data for January, February, March, and April were averaged. As actual 
Economic Analysis
6
The turn key installation cost of the PV array was $288,500 for a PV system with 67 kW 7 capacity. Annual electricity generation of the system was estimated to be 82,800 kWh/yr. Based have an important impact on the feasibility and payback period calculations of a project.
18
ZRECs constitute an important determinant in assessing the feasibility of PV systems as 19 it provides long term support to bring down the unit cost of electricity generated through the PV 20 system. The installed array was awarded $0.148/kWh ZRECs for electricity generated by the PV 21 system. Based on annual electricity generation, the University would receive around $12,000 22 during its first year, with a subsequent 0.5% annual decrease due to the module degradation. The return on investment (ROI) represents the cost effectiveness of a PV system project.
26
The profitability and economic aspects of the Celentano Hall PV system were determined by 
41
The simple payback period evaluates the risk associated with a long-term project. SPBP is the Discounted Cash Flow (DCF) is an anticipated revenue stream generated from an investment at a 2 given period. Profitability index (PI) a simple value between 1 and 2 indicating the ratio of 3 payoff to the initial investment. If the PI value of a project is 2, the investment is expected to be 4 doubled within the project life time. Thus, a project with PI value greater than 1 is acceptable.
5
DCF and PI can be calculated using the formulas,
7 PI = + 1 (10) 
Payback Period and Lifetime Savings
20
The estimated annual solar energy generated by the Celentano Hall PV system during its 21 first year was calculated to be 82,800 kWh. However, electricity generated is expected to decline 22 over the lifetime of the PV system by the factor of module degradation. Based on the analysis 23 presented in Table 9 , the installed PV system was expected to generate a positive cash flow in 11 24 years, hence the payback period. Furthermore, the system was estimated to accrue around 25 $360,000 by its end of life after 25 years. In order to analyze the economic feasibility of Celentano Hall PV system, it is essential to consider 10 the assumptions made on the economic parameters. First, the time period for the financial analysis 11 was considered to be 25 years, which was same as the life expectancies of typical solar panels. The 12 discount rate and inflation rate were also assumed to be constant for 25 years. For the feasibility 13 assessment on the PV system for the entire campus, only ZREC incentive was considered in the 14 calculation because the Celentano Hall only qualified for ZREC. There are more government 15 incentive programs in Connecticut, and a greater profitability can be expected if the project qualifies 16 for other incentives. However, this study was conducted based on the data collected from Celentano 17
27
Extension of Economic Analysis to Other Buildings at UNH
Hall, thus the assumption was validated. In order to calculate the expected savings from electricity 18 usage, future electricity rates were assumed to increase by inflation rate of 3% per year, which was 19 determined based on the past electricity rate trend. The operation and maintenance cost for Celentano 20
Hall was estimated to be $10 per kWh generation. Since the modules for the campus-wide PV system 21 will be managed by the same company, it is acceptable to apply the same rate of O&M to the 22 campus-wide PV economic analysis. Currently only six states mandate 'Feed in Tariff' in U.S. and 23
Connecticut is not one of them. 
31
The advantages of using NPV as an economic parameter when analyzing a long-term 32 project are its realistic reinvestment assumptions and the ability to modify discount rate, allowing 33 analysis on different risk levels. However, NPV requires assumed value for cost of capital.
34
Depending on the level of assumed cost of capital, the investment can be predicted to be either factorial analysis was determined to be 11 years.
8
In addition, the result of the economic analysis on the campus-wide PV system at UNH 9 suggests that the project is profitable since PI is larger than 1.0. The NPV for Celentano Hall PV 10 system is $81,996, and IRR of 8.74% is well over the discounted rate of 6%, both indicating that 11 the project is profitable. The average annual electricity savings from a campus-wide PV installation on building roofs was 
26
The conclusion of this research proved the feasibility of PV system installation at UNH 27 with a reasonable payback period given ZREC incentives can be secured for a project. The 28 results of the study together with its economic analysis could be used to assess the feasibility of 29 PV systems at other universities in CT or in neighboring states that share similar climatic 30 characteristics and economic factors.
31
Installing PV systems on campus not only generates renewable energy that is used on-32 site, thereby reducing building operation expenditures, but also can be used as an effective tool 33 to raise the level of awareness of the greater university community towards renewable energy 34 and towards sustainable efforts in general. Most students in higher education will graduate in a 
